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In this work, we use high- and low-magnitude optical microscope images, infrared camera images, and scanning electron microscope images to identify and describe the failure locations in heavy-ion-irradiated Schottky diodes.

Introduction

Over the past several years, GSFGC and other institutions have been
discussing the susceptibility of Schottky diodes to destructive (and non-
destructive) single-event effects (SEEs) [1-5]. During the course of this
work, four responses were observed in the diodes during the heavy-ion
irradiations, and they are shown below (Figs.1a-1d). The diodes used in
this work come from diodes used on an instrument for a specific NASA
mission. There were no radiation requirements for this mission for diodes,
but NASA EEE-INST-002 specifies a 70% electrical derating in the reverse
voltage for Schottky diodes. It was determined that the diodes would see
as much as 82 V under the worst case conditions, and thus, these parts
needed to be tested to determine their SEE sensitivity. The results of those
tests and the subsequent failure analysis on the tested DUTs are
presented in this paper.
Passing Radiation Responses
All Post-Irradiation Parameter Measurements Within Specification
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Fig. 1a. Charge collection is observed during the beam run.
All post-irradiation parameters were within specification, and
this was considered a passing condition

Fig. 1b. Degradation is observed in the reverse current during
the beam run. All post-irradiation parameters were within
specification, and this was considered a passing condition.

Failing Radiation Responses
Post-Irradiation Parameter Measurements Outside Specification
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Fig. 1c. Degradation is observed in the reverse current
during the beam run. Some or all of the post-irradiation
parameters were outside of their specification, and this
was considered a failing condition.

Fig. 1d. Some time after the beam is turned on, the anode
and cathode short causing catastrophic failure. Some or all
of the post-irradiation parameters were outside of their
specification, and this was considered a failing condition.

Parts Analyzed in This Work

The diodes analyzed in this work were 1N6843s from two different
manufacturers, Microsemi and International Rectifier (IR). These parts are
dual (common cathode) Schottky diodes with a reverse voltage rating of
100 V and a forward current rating of 10 A. The Microsemi parts were
gualified to the JANTXV standard, while the IR parts were qualified to
JANS. The qualification standard should have no effect on the radiation
response, but it is mentioned here for completeness, and to indicate, that
while these parts are functionally the same, there are differences in the
manufacturing that could (and did) lead to different radiation responses.

Table I: Device Information

Manufacturer Serial lon Sbecies Failing Radiation
Number P Voltage Response
Microsemi SN5S 1470 MeV Pr 95V Catastrophic
LET = 60 MeV-cm?/mg Failure
Microsemi SN2 1858 MeV Ta 65V Degradation
LET = 79 MeV-cm?/mg and Failure
International SN7 1858 MeV Ta 95V Catastrophic
Rectifier LET = 79 MeV-cm?/mg Failure
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Fig. 2. Reverse currents from the power supply during

current was limited by the compliance settings on the  each run. The reverse voltage at which the DUT was

power supply.
The reverse |-V curve (Fig. 3a) shows that the part

biased is shown in the legend.
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Fig. 3a. The post-irradiation reverse current as a function Fig. 3b. The post-irradiation forward current as a function

of the reverse voltage is shown for each beam run.

of the forward voltage is shown for each beam run.

After irradiation, SN5 was examined using an IR camera and pictures were taken with a

small voltage applied.

Bright white spot (indicating elevated temperature, and shown in Fig. 4a) just below the

wirebond contact is the location of the failure.

Low-magnification (Fig. 4b) and high-magnification (Fig. 4c) optical images of the surface of
the DUT did not show anything unusual at the location identified in the IR image.
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Fig. 4a. Thermal image of the irradiated Fig. 4b. The failure location is not visible in Fig. 4c. The failure location is not visible in the

DUT identifies location of failure.

The DUT was then cross-sectioned at the location

the low-magnification optical image of SN5. high-magnification optical image of the DUT.

of the failure identified in the IR image,

and then silicon was stained. A high-magnitude optical image (Fig. 5a) and a scanning
electron microscope (SEM) image (Fig. 5b) of the failure are shown below.

The failure location is clearly observed from the S

chottky barrier metal down through the

epitaxial layer (epilayer), all the way to the bulk silicon. The extreme heat generated by the
single-event strike also resulted in mechanical stress on the die and the subsequent

cracking.

Fig. 5a. A high-magnification optical image of the failure location in the
DUT after it was cross-sectioned.

The failure created a void that was filled with
displaced melted metal from the Schottky contact.
The empty column generated during the failure is
reminiscent of the filament that develops between
the gate and the substrate through the neck region
in power MOSFETSs [8]

An element map, generated from energy dispersive
x-ray spectroscopy (EDS), shows the displaced
metal (Fig 6).

Fig. 6. Element map of the failure location in the DUT generated from EDS.
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Fig. 5b. An SEM image of the failure location in the DUT after
it was cross-sectioned.
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Degradation and Failure — SN2
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All post-irradiation parameter measurements remained
within specification.

At 65 V, however, SN2 experienced 100s of nA in
degradation and the post-irradiation Iz measurement
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WS IS S N e e After degradation was observed during the 65-V run, I
exceeded 10 pA at less than the minimum rated 100 V (shown in Fig. 8a). No change in the
forward |-V curve was observed (Fig. 8b).
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Fig. 8a. The post-irradiation reverse current as a function Fig. 8b. The post-irradiation forward current as a function

of the reverse voltage is shown for each beam run. of the forward voltage is shown for each beam run.

For SN2, even with 100 V applied, no failure locations were observed in the IR images (Fig.
9a), nor were any observed in the low-magnification optical images (Fig. 9b).

A different approach was then taken, where the bond wires, bond pad, and Schottky barrier
metal were chemically etched and removed (Fig. 9¢). On the surface of the silicon, a few
discolorations were observed (Fig. 9d is an SEM of two of the discolorations), and under
high-magnification, a fused particle, which was later determined to be silicon, was observed
in the center of the discolorations (Fig. 9e).

The silicon particles (Fig. 9f) are roughly 1 um across at the widest point.
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Fig. 9b. No failure location is visible in the
low-magnification optical image of the DUT.

Fig. 9a. Thermal image of the irradiated SN2
does not identify any failure locations.

Fig. 9c. Three discolorations are observed in the
silicon of SN2 after the Schottky barrier metal,
bond pad, and bond wires were removed.

Fig. 9d. SEM image of two of the discolorations Fig. 9e. High-magnification optical image of one of
observed on the surface of SN2. the discolorations observed on the surface of SN2.

Fig." Qf..SEM image-of dis.pla.ced Iic:)r;
particle located at center of discoloration.

After the discolored areas and displaced silicon
locations were identified, the DUT was cross-sectioned
and stained at one of these locations. The cross-
section is shown on the left (Fig. 10), and no damage
Is observed beneath the fused silicon particle in the
epilayer or silicon substrate. The lack of the column
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” = similar to that found in SN5 which shorted the anode
y § and cathode and the fused particle on the surface of
ey the silicon suggest that, rather than the event occurring

frmmal g s, at the epilayer/bulk silicon interface like in the DUT that

Fig. 10. The DUT was cross-sectioned through one of the  €Xperienced catastrophic failure, the damage occurred
displaced silicon particles at the center of the discolored in SN2 at the SChOttky metaI/SiIicon interface.

areas. No damage structure is present into the epilayer or
bulk silicon.

Catastrophic Failure — SN7

Charge collection was observed on SN7 when biased at
75 and 80 V. o —
At 85 V and 90 V, a very small amount of degradation _ | | =
was observed (75 nA and 140 nA, respectively), but all
post-irradiation electrical parameter measurements
remained within specification.

During the 95-V irradiation, a very small increase in I
was observed immediately after the beam was turned =
on, and then within seconds, the anode and cathode .
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Fig. 11. Reverse currents from the power supply for SN7
power SUpply during each beam run. The reverse voltage at which the

Almost no degradation was observed in the reverse |-V  DUT was biased is shown in the legend.

curve (Fig. 12a) until the 95-V run when I, exceeded the 10 pA specification at less than 1 V.
Like with SN5, there was a significant change in the forward |-V curve (Fig. 12b) after the
failing run.
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Fig. 12a. The post-irradiation reverse current as a function Fig. 12b. The post-irradiation forward current as a function
of the reverse voltage is shown for each beam run. of the forward voltage is shown for each beam run.

Using the thermal camera and a small applied voltage, the failure location was again visible
in this DUT (Fig. 13a). When examined in the low-magnification optical image, the failure was
not visible (Fig. 13b); however, when the magnification was increased, a dark spot could be
seen (Figs. 13c and 13d). When that spot was investigated further with the SEM (Figs. 13e
and 13f), it was clear that the Schottky barrier metal melted. Then, EDS showed (Fig. 139)

that not only had the metal melted, but silicon became displaced to the surface of the diode.
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Fig. 13a. Thermal image of the Fig. 13b. Failure location is not Fig. 13c. When magnification is Fig. 13d. High-magnification optical
irradiated DUT identifies location of visible in low-magnification optical increased, failure location is visible asa image of the failure location
failure. image. dark spot in optical images. observed in the IR image.
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Fig. 13e. SEM image of the surface of SN7. Fig. 13f. High-magnification SEM image of Fig. 13f. Element map generated from EDS shows the
Failure location is visible below the bondwire.  failure location. Schottky barrier metal had melted away and silicon ball
became displaced to the surface.

After identifying a failure location, SN7 was cross-sectioned at that location and stained (Fig.
14a). Like SN5, a large void was created through the silicon with most of the event occurring
at the epilayer/bulk silicon border (Fig. 14b). There was a considerable portion at the
silicon/metal interface as well. When EDS was performed on the cross-section, it was clear
that, in addition to the displaced silicon that could be seen on the surface, aluminum from the
Schottky barrier metal flowed into the bulk silicon (Fig. 14c).
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Fig. 14b. SEM image of the damage Fig. 14b. SEM image of the damage Fig. 14c. Element map generated from EDS shows the
structure after the failure location in SN7 structure after the failure location in SN7 Schottky barrier metal migrated into the bulk silicon.

was cross-sectioned. was cross-sectioned.

Conclusions

When a Schottky diode experiences enough degradation to
cause the post-irradiation electrical parameter measurements to be
out of specification, failure analysis appears to show that the
damage occurs solely at the Schottky metal/silicon interface. This is
In contrast to when a diode fails catastrophically. In that case, the
event appears to also begin at the metal/silicon junction, however,
the event generates such extreme heat that the materials become
molten. A filament is then created that displaces the metal into the
bulk silicon and can also displace silicon to the surface of the diode.
This filament shorts the anode (bulk silicon) to the cathode
(Schottky barrier metal) and the current is only limited by the power
supply.

To avoid these radiation responses in which the diode is
operating outside of the manufacturer’s specifications, a reverse
voltage derating of 50% Is recommended when testing will not be
conducted. If testing will be conducted on the flight diodes under
the application-specific bias conditions, then a derating similar to
power MOSFETSs is recommended, in which the maximum reverse
voltage that may be used is 75% of the last passing voltage.
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